Introduction
Lipid membranes can self-organize and interact with biomolecules, both at its surface and within the membrane, due to the amphiphilic character and electrostatic charge of the lipid components [1, 2] . Supported planar bilayer (SPB) or monolayers onto solid surfaces are widely used as model for mimicking biological membranes. The resulting biomimetic membranes have been obtained with good reproducibility, stability, robust behaviour, fluidity and lateral mobility. In addition, its composition is tuneable including the insertion of proteins, nanoparticles and other entities [3, 4] .
Biomimetic membranes have been prepared previously using several model lipids [2] [3] [4] but rarely using galactolipids that are the main component of plant membranes. (Fig. 1A) is a galactolipid that has a headgroup of 1-β-galactose linked to the diacylglycerol, whereas digalactosyldiacylglycerol (DGDG) (Fig. 1B) has the same structure to MGDG although presenting the headgroup a terminal α-galactose (1→6) linked to the inner β-galactose. Both galactolipids have two acyl groups esterified at the sn−1 and sn−2 positions of the glycerol moiety and the polar headgroup at the sn−3 position [5, 6] . The molecular motion of both galactolipids depends on the number of unsaturations in the alkyl chains [7] that is determined by the fatty acid desaturase enzymes activity [8] . 4 Figure 1. Scheme of a molecule of (A) MGDG and (B) DGDG.
Monogalactosyldiacylglycerol (MGDG)
We understand that the relevance of biomimetic membranes using galactolipids requires an extensive study of these lipids. In this work we use Langmuir and Langmuir-Blodgett (LB) techniques to prepare biomimetic monolayers of MGDG, DGDG and MGDG:DGDG 2:1 (MD)
-MD ratio present in natural plant membranes-, due to the high control over the membrane structure that the LB technique confers compared with other techniques for biomimetic membrane formation [9] . These monolayers are studied using surface pressure -area, π-A, isotherms and their data are processed to light their physical states and mixing behaviour. These monolayers, once transferred to a solid substrate at several surface pressures (including the lateral pressure of natural membranes ≈ 33 mN·m -1 [10] ) will be topographically studied on mica using atomic force microscopy (AFM) and cyclic voltammetry for studying the electrochemical behaviour of the monolayers once transferred to indium-tin oxide (ITO). This substrate has good optical and electrical properties, so converting it in a good candidate for studying artificial photosynthesis and other energy producing devices [11] . In addition, an intensive literature work has been performed to present information about the presence and role of galactolipids in thylakoid membranes, their physical states and their applications. 5 
MGDG and DGDG presence and functions in thylakoid membranes
The thylakoid membrane of chloroplasts of oxygenic organisms is the site where the photochemical and electron transport reactions of photosynthesis take place. This thylakoid membrane is constituted by a lipid matrix that avoids the free diffusion of ions, maintains the fluidity of the membrane and allows an electrochemical potential difference across this membrane, which is required for ATP synthase [5] . The 70% of the thylakoid membrane area is occupied by proteins and the remaining 30% is mainly constituted by lipids. The lipid content of the thylakoid matrix depends on the plant and its external conditions. However, it can be agreed that higher plants are composed by the following lipids: MGDG (≈ 50%), DGDG (≈ 30%), sulfoquinovosyldiacylglycerol (SQDG) (≈ 5-10%), phosphatidylglycerol (PG) (≈ 5-10%) [7] and small amounts of other lipids [6, 12] . The acyl chains of higher plants are polyunsaturated whereas other photosynthetic organisms are monounsaturated or fully saturated [13] .
The outer envelope of chloroplast is principally composed by bilayer-forming lipids such as DGDG and phosphatidylcholines, being this zone relatively permeable [14] . On the other hand, the inner envelope is composed of non-bilayer forming lipids such as MGDG and phosphatidylethanolamine. The cone shape of MGDG, with a galactose at the tip and the two fatty acyl chains oriented towards the base of the cone, leads to hexagonal type-II (HII) regions, whereas the cylindrically shaped DGDG, SQDG and PG forms convex structures in aqueous environments [12, 15] . Thylakoid membranes of photosynthetic organisms increases the ratio of non-bilayer/bilayer forming lipids and the unsaturation index to adapt the fluidity and the related functions to changes in external temperature or to an increase in the protein:lipid ratio that can occur during greening [16] [17] [18] . 6 The lipids present in thylakoid membranes can be classified in three groups depending on their function in the membrane: i) lipids that forms the bilayer matrix; ii) lipids that surround the protein-cofactor supercomplexes and interact with the outer surface of the complexes, and iii)
integral lipids that are embedded in protein-cofactor supercomplexes. MGDG and DGDG are present in all the three groups, and in addition, their content is involved in the targeting of proteins to and within the chloroplast and in the generation of lipid signalling molecules [19] .
Tthe presence of both lipids is essential for the development of thylakoid membranes and the stabilization of photosynthetic proteins [5] , although DGDG is not an essential component for the cell growth [20, 21] . DGDG binds extrinsic proteins that stabilize the oxygen evolving complex and stimulate the oxygen evolution in Photosystem II core complex, which induce changes in the protein structure [22, 23] . DGDG is important for the function of the light harvesting complex II [6, 24] and its deficiency restricts intersystem electron transport [5, 12, 20] .
More information about the role of MGDG is still not possible due to hindrances on preparing MGDG-lacking mutants [5] .
MGDG is assembled in the inner envelope of the membranes and it is exported to the thylakoid membrane [25] , whereas DGDG is naturally synthesized by dismutation of two MGDG molecules thanks to the DGDG synthase localized in the outer envelope [26] . It is interesting to point that DGDG has not been found outside organisms with oxygenic photosynthesis [27] .
For more detailed biosynthesis information of thylakoid lipids the reader is addressed to the following articles [28, 29] [30, 31] . Gounaris et al. [32] found that 0.5 double bonds per molecule of MGDG induce the conversion of lamellar phase to HII structure and increasing the unsaturation index, the transition temperature of the lamellar phase to HII is decreased [16] .
The presence of double bonds in MGDG displaces the control for the molecules order from hydrophobic interactions between lipid chains to be leaded by the stabilization of the headgroups [13, 19] . It has been observed that the introduction of the first unsaturation in a saturated lipid influences in a high extent the compact packing, but the introduction of the subsequent unsaturations does not decrease the packing in a proportionate mode [13] .
Lamellar gel (Lβ) phase of saturated MGDG is metastable at 20ºC when formed by cooling from the Lα. The chains are arranged in hexagonal packing, but the heads present two spacings.
After some minutes, the phase undergoes spontaneously to lamellar crystalline (Lc) in which the chains pack on orthorhombic subcell and the heads occupy a hexagonal spacing. The rearrangement of the chains into a more closely packed subcell is produced thanks to the reorientation of the heads to reduce the steric hindrance [33] . On the other hand, the fully hydrated and unsaturated MGDG forms HII phase, which after cooling undergoes Lα state through cubic phase as intermediate. The reduction of the water content favours a direct transition from lamellar to HII phase [34] . 8 Saturated MGDG presents Lβ to Lα transition at ≈ 80ºC [35] . On the other hand, unsaturated and hydrated MGDG forms nonlamellar structures such as cubic or HII phase over a wide range of temperature (≈ -15 to 80°C) [36] . The Lβ to HII transition for unsaturated MGDG with similar unsaturation index has been studied in several conditions, being ≈ 32ºC in pure aqueous solution [36] , ≈ 29ºC in aqueous buffered solution [37] and ≈ 84ºC in dry samples [34] .
The ability of unsaturated MGDG to form non-lamellar structures like HII can be neutralized when mixing it with at least 50% of bilayer forming lipids [14, 34, 38] , although unsaturated MGDG induces regions of deformation in the lamellar structure of MGDG:bilayer-forming lipid when the presence of unsaturated MGDG is between 20 and 50 mol%. Conversely, the HII structure can be favoured by dehydration, either through the removal of water or the addition of electrolytes [34] .
DGDG
Conversely to MGDG, DGDG forms lamellar sheets and liposomes in the Lα state in aqueous solution regardless the saturation index [14, 30, 39] . The cone shape of unsaturated MGDG permits the formation of more curved zones so favouring smaller liposomes than DGDG that forms larger liposomes with larger trapped volume [14] . Saturated DGDG presents Lβ to Lα transition at ≈ 55ºC [35] . On the other hand, a fully hydrated DGDG bilayer in lamellar phase has a height of ≈ 5.5 nm that can decrease up to 4.5 nm when reducing the hydration level [19] .
Galactolipids applications
Galactolipids show several biological activities and they have been proposed as anti-algal, antiviral, anti-tumor and anti-inflamatory agents. MGDG and DGDG have potential anticancer 9 functions due to DNA polymerase inhibition, suppression of cancer cell proliferation, antiangiogenesis and anti-tumor promotion properties [40] [41] [42] [43] . Indeed, glycolipid fraction of spinach has shown anti-tumor activity with oral administration in colon tumor in mice.
Moreover, it has been observed that the hydrolized form of biological glycolipids, in particular hydrolized MGDG, has more anti-tumor activity than the non-hydrolized form [41] . DGDG and, in particular, MGDG have an important anti-inflamatory activity, which is reduced when increasing the saturation index [40] . On the other hand, DGDG has also been proposed for controlling the appetite [44] .
Materials and methods

Materials
MGDG and DGDG, with acyl = stearoyl (18:0), were purchased from Matreya (USA). KH2PO4, KCl and chloroform of analytical grade from Sigma-Aldrich were used in solutions preparation.
Water was ultrapure MilliQ® (18.2 M·cm and surface tension 72.2 mN·m -1 ). Mica sheets were purchased from TED PELLA Inc (CA) and ITO deposited on glass slides were purchased to SOLEMS (France).
Methods
Monolayer formation
Langmuir and Langmuir-Blodgett monolayer formation were carried on a trough (Nima Technology, Cambridge, UK) model 1232D1D2 equipped with two movable barriers. The surface pressure was measured using paper Whatman 1 held by a Wilhelmy balance connected to a microelectronic system registering the surface pressure (π). 10 The subphase used in these experiments was fresh MilliQ® quality water. Previous to the subphase addition, the trough was cleaned twice with chloroform and once with MilliQ® quality water. Residual impurities were cleaned from the air|liquid interface by surface suctioning. The good baseline in the π-A isotherms confirms the interface cleanliness. Stock solutions (maximum 1 week) of MGDG, DGDG, and MD were prepared using chloroform and kept at -20ºC until one hour before starting the experiment, and then kept at room temperature during experiments. 120 µL of the 500 mg·mL -1 stock solution was spread at the air|liquid interface using a high precision Hamilton microsyringe. LB monolayers were transferred to mica surface at defined surface pressure values. Barrier closing rates were fixed at 50 cm 2 ·min -1 for isotherm registration and at 25 cm 2 ·min -1 for LB film transfer. No noticeable influence of these compression rates was observed on the isotherm shape. Isotherm recording was carried out adding the solution to the subphase and lagging 15 minutes for perfect spreading and solvent evaporation. LB film transfer was conducted dipping the freshly cleaved mica or freshly cleaned ITO through the air|liquid interface on the subphase before adding the solution, and five minutes were lagged after pressure setpoint was achieved. LB films were obtained by the vertical dipping method (emersion), resulting in a film with the galactolipid polar groups oriented towards the ITO hydrophilic surface. Transfer speed was set at 5 mm·min -1 linear velocity. The deposition ratio was ca. 70% before the physical state change and ca. 100% after this event.
Experiments were conducted at 21±1ºC and repeated a minimum of three times for reproducibility control.
AFM characterization
The AFM topographic images of LB films were acquired in air tapping mode using a
Multimode AFM controlled by Nanoscope IV electronics (Veeco, Santa Barbara, CA) under 11 ambient conditions. Triangular AFM probes with silicon nitride cantilevers and silicon tips were used (SNL-10, Bruker), which have a nominal spring constant ≈ 0. 
Electrochemical characterization
Voltammetric measurements were performed in a conventional three-electrode cell using an 
The most significant values of Fig. 2 are summarized in Table 1 . In order to understand the interactions present in our system, it is interesting to compare the results obtained using our saturated galactolipid with the results for saturated or unsaturated galactolipid found in the literature. The explanation is that the shape of the galactolipid π-A isotherm and value depends strongly on the unsaturation index of the acyl chains.
MGDG
The saturated MGDG lift-off area is substantially different than the 80-100 Å 2 ·molecule -1 observed by Tomoaia-Cotişel et al. [13, 33] . However, the limiting area and collapse pressure observed in our results coincides with their observations. The lift-off area is found at 95-120 buffer ions has no effect on the isotherm for unsaturated MGDG whereas the reduction of only one unit of pH reduces ≈ 10 % the lift-off and the limiting area. It is also important that, comparing the experiments using NaCl electrolyte [19] with the pure water subphase [46, 47] , the presence of hydrated ions of the electrolyte produce an expansion of the monolayer compared with pure water subphase [13] .
Looking at the collapse surface pressure, the value observed for saturated MGDG is higher than that for unsaturated MGDG found in the literature, being the later independent of the unsaturation index and experimental conditions. In pure water and unsaturation index below the unity, the collapse pressure is ≈ 42 mN·m -1 [31, 45, 49] . These last results confirm that the presence of hydrated ions of the electrolyte also produce an expansion of the monolayer compared with the pure water subphase, whereas the presence of electrolytes does not affect the collapse pressure [13] . 16 There is strong consensus in the collapse pressure for unsaturated DGDG regardless the conditions employed. In water subphase and similar temperature the collapse pressure was observed at 46-47 mN·m -1 with 0.6-1.3 unsaturations per DGDG molecule [31, 45, 49] . In water at 37 ºC and 2.6 unsaturations per molecule, the collapse was observed at 43 mN·m -1 [44] .
Moreover, DGDG with 1-1.8 unsaturations in water with NaCl electrolyte subphase or in TRIS neutral pH subphase presents the collapse at 43-46 mN·m -1 [19, 52, 53] .
Our DGDG presents LE phase from low surface pressure till the compact state formation at π The presence of unsaturations in the alkyl chain of the DGDG molecule affects in a large extend the . This is the case reported by Gzyl-Malcher et al. [31] who observed ≈ 64 mN·m -1 for an unsaturation index of 0.6 and increasing the unsaturation index to 1, the is minored to 54 mN·m -1 .
MD
At the best of our knowledge, saturated MD has never been studied, so we compare our results [31, 45] . In NaCl electrolyte subphase and unsaturation index of ≈ 2, the collapse pressure observed is 47 mN·m -1 [19] .
Inset of Fig. 2 shows that MD presents LC phase during the entire isotherm. The MD mixture presents a value of ≈ 247 mN·m -1 closer to that of DGDG rather than MGDG, being this behaviour explained by the most fluid component leads the mixture compactness. The for unsaturated MD on water subphase has been observed at ≈ 47 mN·m -1 [31] and ≈ 40 mN·m -1 [31, 45] for an unsaturation index of 0.2 and 0.8 respectively, both presenting LE state.
The excess area (Eq. 2) for the MD isotherm is negative at several surface pressures, which
indicates that MGDG and DGDG form non-ideal mixtures with negative deviation at the entire range of surface pressures, which can indicate more favourable interactions between MGDG and DGDG molecules due to the similar cylindrical shape of both galactolipids.
Where A E is the excess area, A12 the mean area per molecule for the mixture. A1 and A2 the area per molecule for the individual components and x1 and x2 the molar fraction of each component.
The literature shows that unsaturated MD mixtures form non-ideal monolayers at the air|water interface and exhibits strong tendency towards phase separation although remain miscible, in particular, at MGDG:DGDG molar ratio similar to our experiments at which the non-attractive interactions between MGDG and DGDG are the weakest [31, 45] . In our saturated MD mixture,
the more favourable interactions suggested by the absence of an inflexion in the MD isotherm and the high similarities between saturated MGDG and DGDG pure components suggest the favourable mixing behaviour previously to the collapse.
Comparison between MGDG, DGDG and MD.
The values (inset of Fig. 2 ) indicate that MGDG presents LC phase at low surface pressure, which undergoes S state at high surface pressure, whereas MD presents mostly LC during the entire isotherm. On the other hand, DGDG presents LE and LC at low and high surface pressure respectively. These results indicate that DGDG presents more fluid states than MGDG that also affects MD in which the presence of DGDG hindrances the formation of the S state despite of the high MGDG content.
The lower collapse pressure and the larger lift-off and limiting area observed for unsaturated galactolipid monolayers compared with our saturated galactolipid results were expected. The headgroups are the same so they produce similar interactions in both saturated and unsaturated, whereas the presence of these unsaturations in the galactolipid chains hindrances the tighter packing for both heads and tails [54] and the intensity of the van der Waals forces between them. Besides the presence of unsaturations, their position in the alkyl chain determine the area and volume occupied by the galactolipid molecule and therefore, influencing the compactness of the monolayer [14] . The high collapse pressure and the low limiting area observed for saturated galactolipid is a clear sign that two cooperative forces are involved. First, the hydrophilicity of the galactolipid heads governs the packing, so reducing the distances between galactolipid chains thanks to the formation of hydrogen bonds. Second, these chains are completely saturated so the van der Waals forces between the hydrocarbon chains are favoured and therefore, enhancing the compactness and the stability of the monolayer. It is interesting to point that there are also differences in the alkyl chain length between the galactolipids used in the exposed experiments of several authors, but the small differences in hydrophobic interactions are largely overcome by the double bond hindrance in the monolayer stability. The low value of for unsaturated galactolipids confirms that, conversely to saturated galactolipid, they present LE phase from its appearance in the G-LE phase coexistence till the collapse [19, 44, 46, 48, 52] . The presence of unsaturations in the galactolipid chains extends the LE phase due to hindrances for a tight packing, even forbidding the formation of the LC state. The different orientations that can be adopted by the sugar moiety of MGDG depend on the hydrogen bonds established [19, 38] . Bottier et al. [19] observed that in an unsaturated MGDG:DGDG mixture, the MGDG headgroup forces the DGDG head to a different orientation than in pure DGDG monolayers, and that the presence of both galactolipids induced a higher hydration than in pure components. In our case, the absence of unsaturations permits chains of both lipids to compete with the heads for leading the packing. Fig. 3 presents AFM topographic images corresponding to the studied galactolipids transferred at several surface pressures on mica, including π = 33 mN·m -1 that is the internal lateral surface pressure of natural cell membranes [10] . Most of the images present two tonalities of brown
AFM
(fair and dark), and in addition, images A, C and F also present a medium brown tonality. The observation of different brown tonalities is related with different monolayer height, which is correlated with different tilting of the galactolipid molecules, so presenting a different physical state. It is important to remark that each brown tonality indicates a different height but the physical state that is correlated with them depends on the surface pressure at which the monolayer has been transferred. we deduce that these zones are in LE state. On the other hand, we can estimate the height of the LE zones based on previous works of the authors [55, 56] , in which mixed monolayers of galactolipid-plastoquinone (PQ) were studied. In those works, the presence of ≈ 15% of PQ content in the mixed monolayer induces hole defects in the LE state that arrive to the mica surface, which allowed us to measure the LE height (6 ± 2 Å). This height is in accordance to the 3-6 Å observed in the literature for LE of DPPC [57, 58] . So that, accepting that this value should be close to that of pure galactolipid, we calculate the absolute height of each physical state (Table 2) according to it and the relative heights previously measured. On the other hand, the presence of medium and fair brown tonalities (images A, C and F) cannot be correlated with the presence of zones in S state due to the isotherms and the values presented in section 3.1 does not point this option. So that, we correlate both tonalities to LC state, being LC1, corresponding to molecules in the beginning of the LC state (medium brown), and LC2, molecules at the most ordered state of the LC state (fair brown). Table 3 presents the physical state that corresponds to fair and dark brown tonality in Fig.3 . The compression of the monolayers leads to the ordering of the LE phase transforming it gradually in LC, and in the MGDG case at high surface pressure, in S state. The remaining small LE or LC1 areas at medium-high surface pressure achieve rounded shape (Images D, F, H, I). On the other hand, the surface pressure at which the most compact state covers the entire mica surface depends on the galactolipid nature. As it can be observed in Fig. 3 at π = 33 mN·m whereas the compact state of MGDG and MD form amorphous shapes. We correlate this observation with the different nature of the galactolipid heads. On the other hand, the similarity between MD and MGDG is correlated to the high MGDG content in the MD mixture.
Our observations for saturated MGDG, DGDG and MD differs to the Bottier et al. [19] work using unsaturated galactolipids. They observed homogeneous LE phase images with no visible phase separation at several surface pressures. In addition, they observed irregular protrusions of ≈ 7 Å at π > 25 mN·m -1 for the MGDG and rounded protrusions of ≈ 4 Å with a diameter of ≈100 nm at π > 25 mN·m -1 for the MD. They attributed these protrusions to a specific 23 organization of the monogalactosyl headgroups due to strong lateral interactions between themselves and between them and the DGDG headgroups in the MD case. The flatten disks sometimes observed in our AFM images seem to have no relation with the lower protrusions observed by Bottier et al. [19] that covers an important area of the monolayer. Using our saturated galactolipids no segregation, no protrusions are observed even at high surface pressure, so that, the different behaviour is correlated with the absence of double bonds.
Although some white undefined shape zones (higher than the monolayer) are also seen at low surface pressure when MGDG is present, the compact monolayers of the studied galactolipids present at medium-high surface pressure some rounded shape structures that increase in number when increasing the surface pressure. The origin of such structures is uncertain but we hypothesize that they are the result of a local surface pressure increase, which induces a local collapse [59, 60] of the film, forming flatten disks of 100 -250 nm diameter and height of 0.5 to 20 nm. These observations are consistent with small flatten bilayer vesicles, in line with previous observations for POPG [61] and DPPG [62] . In the particular case of MD, the presence of the two different galactolipids facilitates the formation of local tensioned zones, which explains the existence of these flatten disks even at low surface pressure.
The lower collapse pressure observed for MD compared with pure MGDG and DGDG can be explained by the formation of the presented white rounded shape structures which, once formed, hindrance the perfect packing of the remaining molecules at the air|water interface, so facilitating the collapse. The slightly lower limiting area observed for MD is also related with the formation of these structures, which provoke the lost of molecules at the galactolipid|water interface so reducing the number of molecules and their stability at this region so inducing a higher compression. [19] using PM-IRRAS. On the other hand, the reproducible behaviour of the CVs indicates that the lipid layer is permeable to water molecules, and after the third scan, the stable water content is achieved in the monolayer. This effect, and its reversibility, of the applied potential on galactolipid LB monolayers on ITO are explained by the galactolipid heads-ITO affinity [65] . 
Conclusions
MGDG and DGDG present the coexistence of two different physical states during a wide range of surface pressures, being LE and LC in the case of DGDG and LC and S for MGDG, whereas MD presents mainly LC state. On the other hand, the similarities in the lift-off area between MGDG and DGDG are also maintained in the MD mixture, although the collapse pressure is lower than that of both components. This observation is explained by the presence of different kind of galactosyl headgroups that restrict the optimal orientation. Once transferred to the mica surface, the galactolipid monolayer present zones with different height, which is correlated with a different tilting of the galactolipid molecules that corroborates the coexistence of different physical states.
ITO-galactolipid electrodes present slightly higher Cd values than that reported for high quality lipid monolayers, so indicating that galactolipid monolayers are not completely homogeneous and present few defects. MGDG presents a more stable Cd value when changing the applied 27 potential in comparison with DGDG and MD, which is correlated with the higher compactness of its physical state.
